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In these proceedings, we investigate non-perturbative models for Quantum Chromodynamics
(QCD) motivated by the behavior of the Landau-gauge lattice gluon propagator with the purpose of
testing their validity in the perturbative regime of strong interactions and to explore their behavior
in the infrared region. In particular, we discuss the potentials between heavy quarks and antiquarks,
since this observable might reveal the appearance of confining properties in these non-perturbative
models through a linear growth at large and intermediate distances.
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I. INTRODUCTION
Quantum chromodynamics, the theory that allows us
to describe the fundamental interaction between quarks
and gluons, is asymptotically free for high energies. This
is experimentally verified in scattering processes, such as
Deep Inelastic Scattering, in which perturbative predic-
tions with quasi-free quarks explain well the data [1, 2].
However, due to the absence of free, asymptotic states
of quarks or gluons in the measure spectra and the exclu-
sive observation of colorless bound states (hadrons), the
phenomenon of color confinement has been conjecture as
an essential feature of Strong Interactions. Even though
there is still no analytical proof that QCD produces con-
finement, there are numerical results from Lattice QCD
simulations that indicate confining properties [3–5].
The extreme difficulty in describing confinement from
first principles in QCD is linked to the fact that the strong
coupling constant shows a very marked behavior in rela-
tion to the energy in which the processes are studied. As
the energy decreases the coupling constant grows in such
a way that perturbation theory fails. Therefore one must
resort to other techniques to address the problem. There
are phenomenological and non-perturbative models that
attempt to explain color confinement, and – even if a fully
successful description is still unavailable – they allow us
to address several aspects of QCD. Some attempts to
understand confinement point to the interaction poten-
tial between a heavy quark-antiquark pair, which should
grow linearly with the separation scale between them,
guaranteeing thus that they will stay confined within
meson bound states. This property is well-known to be
connected with an area law for the Wilson loop in pure
gauge theory and has been explored in different contexts,
receiving robust corroboration from Lattice QCD inves-
tigations [6].
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A completely different approach to try to understand
confinement is to build a consistent nonperturbative the-
ory that is simultaneously valid in the infrared regime of
Strong Interactions and amenable to (semi-)analytic in-
vestigations. Following this line, models based on taking
into account the presence of Gribov gauge ambiguities [7]
in the gluon path integral have been proposed. The main
analytical technique of quantizing a Gauge Field Theory
in the continuum requires gauge fixing, because in the
functional integration the gauge fields present a redun-
dancy of equivalent physical states due to the local sym-
metry. In QCD this is usually done through the proposal
of Faddeev and Popov [8], which is consistent at the per-
turbative level. As shown by Gribov [7], equivalent fields
remain being integrated. Gribov’s proposal was then to
restrict the field integration to a region called the Gribov
Region [9]. Zwanziger was able to formulate a local ac-
tion that implements the Gribov idea by modifying the
theory by a so-called horizon condition [10], which sets
the value of a new parameter with unit of mass. In fact,
in the seminal work of V. Gribov a massive parameter
is already present, being known as the Gribov mass. In
the Gribov-Zwanziger framework, the gluon propagator
is modified by the presence of the horizon, presenting two
poles with complex-conjugated masses. This pole struc-
ture violates the axiom of reflection positivity and hin-
ders the asymptotic-particle interpretation for the gluon;
a feature consistent with gluon confinement. The search
of other confining properties in these non-perturbative
models is of course of great importance to establish their
role as consistent infrared realizations of QCD.
With this in mind, we explore the interaction potential
between heavy quarks and antiquarks for different non-
perturbative models that modify the gluon propagator in
the infrared [11]. Our aim is to investigate the regime of
validity of these descriptions and whether such models
can produce quark confinement through a linearly rising
potential.
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2II. CONFINEMENT AND THE
QUARK – ANTIQUARK STATIC POTENTIAL
The phenomenological string model [12, 13] provides a
qualitative view of confinement in which the potential be-
tween a heavy quark-antiquark pair grows linearly when
we try to separate them, confining them to bound states.
In Fig. 1, we show results from Lattice QCD in the
quenched approximation [4], valid for infinitely massive
quarks. At very short distances, asymptotic freedom
prevails and the quark-antiquark potential resembles a
Coulomb-like potential. For intermediate and large dis-
tances the potential behavior departs significantly from
the perturbative, Coulomb form. In the string model,
this is supposedly due to the formation of a color flux-
tube, in which a color-electric field connects the q-q
(static) pair thereby forming a kind of string with a
nearly-constant cross-sectional area.
FIG. 1. q-q quenched potential calculated in Lattice QCD [4].
According to this model, the energy stored in the flux-
tube increases linearly with the separation distance be-
tween the static q-q pair, so one would need an infinite
energy to separate the pair at an infinite distance, i.e. to
produce free quarks and antiquarks. This is not the case
in full QCD. As the quark-antiquark pair is separated,
and due to the energy stored in the flux-tube, the cre-
ation of a new pair becomes more energetically favorable,
as the light fermions that can be excited from the quan-
tum vacuum. This results in the rupture of the flux-tube
(”String Breaking”) and the potential tends to saturate.
In the current analysis, however, we shall concentrate
ourselves in the heavy quark approximation and look for
the linearly rising potential as a sign of confinement.
III. NON-PERTURBATIVE EFFECTIVE
MODELS
QCD is a gauge theory, and it is exactly gauge in-
variance that tells us that the gluon must be a mass-
less particle. Even so, as can be seen in Fig. 3, Landau
gauge Lattice QCD simulations show the emergence in
the infrared region of a finite value for the gluon prop-
agator at zero momentum. This may be interpreted as
the generation of an effective mass which disappears in
the perturbative limit.
Here, in order to search for confinement features in
the heavy q-q potential, we will use different models mo-
tivated by the behavior of the lattice gluon propagator,
namely: The Massive Gluon Model [14, 15], The Gribov-
Zwanziger Model (GZ) [10] and the Refined Gribov-
Zwanziger Model (RGZ) [16]. These will be compared
to the Perturbative approach at short distances and Lat-
tice QCD in the IR regime.
FIG. 2. Scalar form factor of the gluon propagator (c.f eq.(2))
for the different models as a function of the momentum.
In Fig. 2, we plot the momentum dependence of the
scalar function in the gluon propagator for the different
analytical models. The massive gluon model adopts a
fixed gluon effective mass (m2g) that is assumed to come
from the strong interaction in the IR regime. The behav-
ior of the propagator in this model is qualitatively simi-
lar to Lattice QCD one, in Fig. 3. The Gribov-Zwanziger
(GZ) model, shows a Gribov mass (λ) term – coming
from the horizon condition – that modifies the IR behav-
ior of the gluon propagator which tends to zero as the
momentum vanishes, being incompatible with the lattice
results [17] in the deep IR.
FIG. 3. Gluon propagator calculated in Lattice QCD [17].
Since the GZ model does not reproduce the Lattice
QCD propagator, a refinement with the inclusion of con-
3densates, M2 and m2, was proposed [16]. In the RGZ
framework, M2 ensures that the gluon propagator is
nonzero at zero momentum, while m2 is indispensable
to find a good quantitative agreement with the Lattice
data.
The different models will be discussed in more detail in
a paper [18].
IV. CALCULATING THE q-q POTENTIAL
𝑝′ 𝑘′
𝑝 𝑘
FIG. 4. Leading–order contribution to the quark-antiquark
interaction process.
Supposing heavy quarks, a single diagram contributes
in the tree-level approximation of the q-q interaction
(Fig. 4), that can be represented by the matrix element
M and written like [19]:
iM = −Us
′
(p′)[igγ
µtaji]Us(p)[Dabµν(q2)]V
r
(k)[igγ
νtblm]Vr
′
(k′) , (1)
where U ,V and U ,V are the quark and antiquark spinors,
i.e. solutions of the Dirac equation, as a function of their
four-momenta, respectively. The factors g, γµ and ta are
the strong coupling constant, the Dirac matrices and the
SU(3) group generators, respectively. a, b ≡ 1, .., 8 and
µ, ν ≡ 0, .., 3 are color and Lorentz indices, respectively.
Dabµν(q2) is the gluon propagator:
Dabµν(q2) = −i δabD(q2)
(
gµν − (1− ξ)qµqν
q2
)
, (2)
where ξ is the gauge parameter.
We can simplify expression (1), so that it is explicitly
independent of the gauge parameter, yielding:
iM = − 4pii αs CF D(q2) [U¯s′p′ γµ Usp ] [V¯rk γµ Vr
′
k′ ] , (3)
with CF being a color factor.
The amplitude M may be connected to the one ob-
tained through Quantum Mechanics. This will allow us
to extract an associated potential. We have that the scat-
tering amplitude for the initial | i 〉 and final state 〈 f | of
two particles in non-relativistic quantum mechanics can
be expressed as:
〈 f | i 〉 = iM (2pi)4 δ4(p+ k − p′ − k′) , (4)
where p, p′, k and k′ are the four-momenta of the particles
in this process. This same quantity can be expressed in
Quantum Mechanics in the Born approximation by:
〈 f | i 〉 = − i V (−→p ′ −−→p ) (2pi)4δ4( p+ k − p′ − k′ ) , (5)
where a potential V is associated to the interaction.
So, one may use the matrix elementM calculated from
the Quantum Field Theory for the quark-antiquark pro-
cess in the non-relativistic approximation to obtain a po-
tential associated with the interaction process.
V. RESULTS AND REMARKS
Finally, using these approximations, we will calculate
the leading-order quark-antiquark potentials as functions
of the separation distance r between the particles for the
perturbative case and the massive, GZ and RGZ mod-
els. The computation of the potentials yields:
VPert = −αs CF /r , (6)
VMass = −αs CF e−mgr/r , (7)
VGZ = −αs CF e−λr/
√
2 cos (λr/
√
2)/r , (8)
VRGZ = −αs CF e−a b r (cos (ac r) + k sin(ac r)) /r , (9)
where a, b, c and k are functions of the RGZ model pa-
rameters λ, M , m and αs = g
2/4pi.
𝛼(𝜇 = 4 𝐺𝑒𝑉) = 0.2205
𝑚𝑔 = 0.6 𝐺𝑒𝑉
𝜆 = 2.038 𝐺𝑒𝑉
𝑀 = 2.115 𝐺𝑒𝑉
𝑚 = 1.941 𝐺𝑒𝑉
FIG. 5. Potentials for the different models as functions of the
distance. In the upper right corner the values of the parame-
ters used are displayed.
We can recognize that the perturbative potential,
eq. (6), has a Coulomb-like behavior, analogous to elec-
tromagnetism with the difference that an extra color fac-
tor and the strong coupling constant appear. In the mas-
sive potential, eq. (7), the typical exponential decay that
depends on the mass of the particle emerges, while in the
GZ potential, eq. (8), in addition to the Yukawa decay,
an oscillatory term arises. The RGZ potential, eq. (9),
shows a mass-like behavior too, but includes a combina-
tion of oscillating terms. All these characteristics will be
reflected in the potentials’ plots, displayed in Fig. 5.
In Fig. 5, we can see that the non-perturbative models
reduce to the perturbative potential for short distances,
r . 0.02 fm, with the RGZ model requiring the shortest
4distance to reproduce the perturbative result. This fea-
ture is very important and reassuring, since it shows that
these models are consistent with the well-tested pertur-
bative approach of high-energy QCD.
For the intermediate-distance regime, we can appre-
ciate that the Massive and GZ models have similar be-
haviors, and they tend to zero faster than the Perturba-
tive potential due to the presence of an effective infrared
mass for the gluon. Such a faster damping of the poten-
tial is expected for short-range interactions like QCD. As
one increases the separation scale, the RGZ model also
displays a potential that rapidly approaches zero, but
shows a very distinct behavior: it has a rapid growth upto
r ∼ 0.12 fm, with the most important feature being the
sign change[20]. In this region, the behavior of the RGZ
potential could be an indication of confinement, since to
separate the quark–antiquark pair one would need more
and more energy to do it. Despite this promising result
in the intermediate region, in this leading-order approxi-
mation, the RGZ potential at a point close to r ∼ 0.12 fm
decreases again, entering an oscillating regime. It is pos-
sible that this feature is an artifact of the approximations
adopted, so that a more thorough study of the effects of
systematically including higher-order interactions is wel-
come to resolve this issue. This investigation is currently
underway and we hope to report more findings soon [18].
VI. SUMMARY AND OUTLOOK
Color confinement is still an open problem in QCD.
There is a plethora of effective models that address this
issue. In particular, the string model provides a simple
qualitative view of the binding of heavy quark-antiquark
states, mesons, and of confinement. It is reflected in the
behavior of the associated q − q potential which has a
dominant Coulomb-like part at short distances, while for
large distances – that is, the non-perturbative regime of
QCD – displays a linear growth, which can be considered
a sign of confinement.
Ideally, other approaches to the confining QCD regime
should be able to reproduce a linearly rising potential
between heavy quarks and antiquarks. Here, we started
searching for this feature in different models that include
non-perturbative characteristics such as effective masses
and variations in the propagators of the theory, moti-
vated by Landau-gauge lattice results and based on the
modifications brought about by the presence of Gribov
gauge ambiguities in the path integral.
We have calculated the leading-order potentials
and verified that their behavior is compatible with
the perturbative approach for short distances, while
displaying nontrivial features for intermediate and large
separation scales. Further investigation is underway [18]
to establish whether these models are able to produce
a linearly rising potential for at least an intermediate
distance region that broadens as more interactions are
included.
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